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THE EFFECTS ON MINE VENTILATION OF SHAFT- 
BOTTOM VANES AND IMPROVEMENTS 
IN AIRCOURSES 


I. INTRODUCTION 


1. Object and Scope of Investigation —The greatest opportunities 
for effecting economies in mine ventilation lie, as a rule, in those parts 
of the mine where the air is forced to move with the greatest speed. 
This is usually in the aircourses leading from the airshaft, and this 
region is called the “high-velocity zone’’ in this report. 

In spite of the general knowledge by mining men of the correctness 
of this statement, it is seldom that they have an adequate apprecia- 
tion of the magnitude of the possible economies in terms either of 
reduction of mine resistance, or of dollars and cents. The reason for 
this lack of appreciation is due largely to the scarcity of exact data 
gained by careful investigation before improvements were begun and 
after they were completed. Clean aircourses, free from obstructions 
and debris, are considered desirable, and some efforts are made 
regularly or at intervals to attain this end. But whether clean air- 
courses really pay, or whether this is just a mere theory, has not been 
clear in the minds of many mine officials. Cleaning aircourses adds 
to the daily cost sheet, and apparently increases the mining cost per 
ton of coal. The saving is effected in the power cost and is not credit- 
ed to the underground management. Thus it is little wonder that the 
improvement of conditions usually requires a special appropriation. 

It was with the hope of presenting indisputable evidence of the 
economy resulting from improvements in aircourses that this investi- 
gation was undertaken. It was believed that additional data of value 
regarding air flow in mines would be secured as well. The summer 
season of 1931 was spent in studying the effects of cleaning, enlarging, 
and otherwise improving the aircourses in the high-velocity zone at a 
large Illinois coal mine. 

The work was done by the methods which had been developed and 
used in previous ventilation researches.* First, a survey was made of 
conditions as they existed at the beginning of the work. This was 
followed by a similar survey after the improvements had been com- 
pleted. Each survey involved the large-scale mapping of the air- 
courses to determine their physical characteristics, and the measure- 


*University of Illinois, Engineering Experiment Station Bulletins 158, 170, 184, and 199. 
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ment of air quantities and pressure drops for different conditions 
of flow. ‘ 

The zones which were improved and studied in detail consist of a 
length of nominally straight entry, a T split with a regulator in one 
branch, and a square bend at the bottom of the intake shaft compart- 
ment. The improvements consisted in cleaning the fallen debris and 
timbers from the aircourse, the replacement of the original regulator 
by one with an adjustable central discharge opening, and the enlarge- 
ment of the shaft bottom outlet. As a final step, a set of deflecting 
vanes was installed in the shaft bottom to aid in changing the course 
of the air from vertical to horizontal. 


2. Acknowledgments.—The full codperation of the mine staff was 
largely responsible for the success of the work, which was carried on 
under a coédperative agreement between the Engineering Experiment 
Station of the University of Illinois and the Illinois State Geological 
Survey as a part of the regular work of the Engineering Experiment 
Station, of which Dean Mito S. Kerrcuvnm is the director, and of the 
Department of Mining Engineering of which Pror. ALrrep C. 
CALLEN is the head. 

The author was assisted by Mr. Ciypr 8. SmirH in the under- 
ground work and in the subsequent reduction of data. 


Il. PoysicaL CHARACTERISTICS 


3. Fan and Coursing of Air—The mine is ventilated by a double- 
inlet centrifugal fan which is 5 ft. wide and 12 ft. in diameter. It is 
belt-connected to a three-phase, 2200-volt slip-ring induction motor, 
which has a variable-speed control. The fan has forward-curved 
blades and is operated blowing. 

It discharges horizontally into a short fan drift. From here the 
air flows down one compartment of the airshaft, at the bottom of 
which it discharges into the Main West aircourse. This is a single 
entry, 30 ft. in length, which is intercepted by a North South entry. 
At the intersection, which forms a T split, the air is divided into two 
currents, one going south and eventually east into the main producing 
territories, the other serving the remainder of the mine to the north 
and west. The south split is the open split, the division of the air 
between the two splits being artificially controlled by a regulator near 
the mouth of the north split. The details of the aircourses adjacent 


to the shaft before and after alterations are shown in Figs. 1 and 2; 
respectively. 
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4. Shaft Bottom.—The intake, or downcast, compartment of the 
airshaft is concrete-lined from top to bottom. Its cross-sectional 
dimensions are 8.0 by 12.5 ft., the longer axis lying north to south. 
The depth of the shaft, from the fan drift floor to the sump, is 218 ft. 
The sump is shallow and the small amount of water which drips into 
it from the shaft drains through a small pipe into the sump in the 
hoisting compartment. 

Plan and profile views of the shaft bottom as it was at the begin- 
ning of the work are given in Fig. 1, which includes a series of cross- 
sectional diagrams of the Main West aircourse into which the shaft 
discharges. From the profile view it is clear that the shaft outlet was 
severely restricted by debris on the floor of the aircourse. 

While the cross-sectional area at section 0-+09W,* under the west 
shaft wall, was 79.0 sq. ft. that at section 0+16W was but 64.9 sq. ft. 
The average cross-sectional area of the Main West aircourse is esti- 
mated at 71 sq. ft. Aside from constrictions in cross-sectional area, 
the roof and floor of the Main West aircourse were very irregular. 
This is indicated in the profiles of Fig. 1, and in Fig. 3, which is a view 
of the Main West aircourse from the shaft bottom as it was at the 
start of the work. | 

In addition to removing the loose debris from the entry, during 
the course of alterations, the average roof level was raised about three 
feet and the floor lowered from 2 to 3 ft. This not only added from 
5 to 6 ft. to the height of the aircourse, but gave it smoother roof and 
floor profiles. This is shown in Fig. 2, which corresponds with Fig. 1, 
but represents post-alteration conditions. The mean cross-sectional 
area of the Main West aircourse is now estimated at 131 sq. ft., an 
increase over the former mean area of nearly 85 per cent. To match 
the enlarged cross-section of the entry, the sump was cleaned and a 
part of the bottom of the west shaft wall was blasted away, giving 
the shaft outlet the hexagonal shape shown in section 0+09W, of 
Fig. 2. The cross-sectional area of this section is 113.0 sq. ft. Figure 
4 is a view of the shaft bottom after the alterations had been 


completed. 


5. Split and Regulator—The termination of the Main West air- 
course at its intersection with the Main North South entry, as shown 
in Figs. 1 and 2, forces the incoming air to divide into two opposite 
currents. Before alterations the regulator which limits the quantity 
going north was at the mouth of the Main North aircourse and dis- 


*The letters following plusses in the text refer to the entry in which the cross-section referred to 
is located, as follows: W = Main West aircourse; S = Main South aircourse; N = Main North 


aircourse. 
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Fic. 3. Marx West Artrcourseé rrom SuHArr Borrom, Brerorr ALTERATION 


charged mainly at its east end, as shown in Figs. 1 and 5. The latter 
is a view of the regulator taken from the north. It also shows the 
general character of the roof and floor in this entry. A short distance 
inbye the regulator the entry assumed a highly restricted cross-section 
due to a large accumulation of debris along the east rib. This is 
shown by the cross-section diagrams of Fig. 1. The intersection 
proper was partly obstructed by timbers, although it had more 
height than the adjoining parts of the North South entry. Due to 
the presence of top coal, the height of the Main South aircourse 
averaged only about 5 ft. for the first 50 ft. or so. This gave that 
part of the entry a mean cross-sectional area of about 50 sq. ft., while 
that of the Main North entry, inbye the regulator, was but 40 sq. ft. 

As shown in Fig. 2, cleaning these entries smoothed their profiles 
and increased their height a great deal. The mean cross-sectional 
area of the Main South aircourse, near the intersection, was enlarged 
to more than 90 sq. ft., an increase of about 80 per cent over the 
original area. In the Main North entry the mean cross-sectional 
area was more than doubled. 
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Fig. 4. Sarr Borrom, Arrer ALTERATION 


A new regulator was built in the Main North aircourse at section 
0+26.5N, as shown in Fig. 2. It is equipped with a centrally located 
slide door, which permits adjustment of the width of opening between 
the limits of no opening and one 3.12 ft. wide. The height of the 
opening is fixed at 4.0 ft. As the construction of the regulator was 
imperfect, there is some leakage around and through it. The Main 
North aircourse was not cleaned inbye the new regulator, so that its 
physical characteristics remained unchanged beyond that point. 


6. Straight Entry —The first 200 ft. of the Main South aircourse 
gave an opportunity to measure the effects on airflow of cleaning a 
length of nominally straight entry. The desirable length was limited 
by a change in the type of roof support farther inbye, and by audible 
leakage at some of the stoppings which would have been included in 
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Fic. 5. Recuiator rrom Nortu, Brerorr ALTERATION 


additional lengths of entry. As to the original character of the chosen 
part of the aircourse, Fig. 1 shows that the restricted height which 
prevailed in the first 50 ft. gradually increased to 7 or 8 ft. from about 
1+00 to 1+908. Debris on the floor reduced the height to about 
5 feet at 2+05S. From here it gradually increased again. The plan 
shows that, while the entry was nearly uniform in width, it was quite 
crooked from about 1+50 to 2+00S. Figure 6 is a view looking 
upstream (north) through section C3 (2+128). 

Comparing Fig. 2 with Fig. 1, it is seen that by the cleaning of the 
entry the height and width have been increased considerably. While 
the floor profile has been much improved, the roof profile is still 
rather irregular, and the plan of the entry is considerably more 
crooked than formerly. This is due to the fact that all loose coal and 
debris were removed from the pockets in the ribs, thereby accentu- 
ating the irregularity of the rib lines. This variability in ribs and 
roof leads to a greater variability in cross-sectional area, as shown 
by a comparison of the area curves of Figs. 1 and 2. There was a 
54-per-cent increase in the mean cross-sectional area of this part of 
the aircourse, from an average of approximately 76 to 117 sq. ft. 
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III. Pressure MEASUREMENTS AND 
QUANTITY DETERMINATIONS 


7. Pressure Measurements.—Air quantities and static pressure 
differences were determined by the methods previously described,* 
the Ellison gage being relied on for all pressure measurements. At 
the beginning of the work a traverse section was established in each 
of the three aircourses, Main West, Main North, and Main South. 
These were designated sections A2, B, and Cl, respectively, their 
locations and outlines being shown in Fig. 1. Each of these sections 
was used as a static pressure section as well as a traverse section, and 
additional static pressure sections were established as needed. One 
of these, section C3 at 2+12.0S, terminated the straight entry zone 
which began at section Cl (0+35.3S). Another, section Al, was 
established in the downcast compartment of the shaft, 51.5 ft. above 
the sump. A pitot tube was mounted in this section by suspending 
a piece of 2 by 4-in. lumber diagonally across the shaft and mounting 


*Bulletin 158, Engineering Experiment Station, University of Illinois. 
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the tube on it, so that the tube pointed up along, or near, the center 
line of the shaft. 

Section Al and section B were unchanged by the alterations. 
As Fig. 2 shows, section A2 was replaced by section A12, which was 
used as a pressure section only. Sections Cl and C3 were replaced by 
sections Cll and C12, respectively. 


8. Quantity Determinations—The first step in the air measure- 
ments was to run three traverses at each of the three traverse sections 
(A2, B, and Cl) with normal airflow. These were accompanied by 
suitable center-velocity-pressure and static-pressure-drop measure- 
ments; the former to establish a relationship between quantity and 
center-velocity pressure at each section, and the latter to measure the 
losses incurred in passing the air from section to section. The average 
normal-airflow quantity for the main current (section A2) was 109 900 
cu. ft. per min.; that for the north split (section B) was 48 700, and 
for the south split (section C1) 61 800 cu. ft. per min. Thus the total 
average quantity in the splits was 110 500 cu. ft. per min., an excess 
of less than one per cent over the main current quantity. None of the 
individual quantities deviated by as much as one per cent from the 
mean of its group. Additional traverses were run at higher or lower 
than normal quantities. 

The resulting data were used to establish the relation of quantity 
to center velocity pressure at each section, as shown in Fig. 7, where 
the quantity is plotted logarithmically against the center velocity 
pressure, as of standard air density (0.075 lb. per cu. ft.). With a few 
exceptions, the alinement of the points is good. 

Much the same program was carried out after the alterations had 
been completed, except that the main current was not traversed. 
Its quantity was gaged by adding the quantities in the north and 
south splits. These data, coupled with appropriate center velocity 
pressure readings, were used to establish the post-alteration curves 
for section Al, shown in Fig. 7. Only two traverses were run after 
the vanes were installed, both of which were at section Cll in the 
south split. 

Where quantities were determined for all three currents by simul- 
taneous center velocity pressure readings at each traverse section, 
it is possible to gage their comparative accuracy by checking the sum 
of the split quantities against the main quantity. More than 40 such 
comparisons were made. They show that the indicated main quan- 
tity tended to exceed the sum of the split quantities by from 1 to 2 
per cent, on the average, although there was more variability in these 
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discrepancies than in those in which the results of direct traversing 
were compared. Each set of observations was judged on its own 
merits, and the quantities adjusted to their most probable values. 
The adjusted quantities were used in the calculation of losses. 


IV. Transmission Losses 
A. Before Installation of Vanes 


9. Losses at Shaft Bottom.—As has been previously stated the 
losses incurred in passing the air around the 90 deg. bend at the 
bottom of the shaft were determined by measuring the static pressure 
drop from section Al, in the shaft, to section A2, in the Main West 
aircourse, before alterations (Fig. 1) and from section Al to section 
Al2 after alterations (Fig. 2). Thus the static pressure drops, as 
measured, include the drop due to about 40 ft. of shaft and 15 ft. of 
entry, in addition to the drop due to the bend itself. Ordinarily, 
in computing bend losses, a deduction is made for the estimated 
frictional losses incurred in the approach to and departure from the 
bend, but inasmuch as the primary concern in this case was to deter- 
mine the effect of alterations on the losses in the high velocity zone 
no such deduction* has been made. Hence the calculated savings are 


*The deductions can readily be calculated, for a given quantity, by use of the physical data of 
the passageways given in Figs. 1 and 2. It is necessary to assume suitable values of & for the shaft 


and entry, of course. 
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a full, rather than a partial, measure of the benefits which resulted 
from the alterations. 

Nine static pressure drop measurements were made before alter- 
ations and eleven after. The relation of energy loss to quantity, 
before and after alterations, is shown in the upper two curves of 
Fig. 8. It is evident that the alterations effected an appreciable 


saving. For a normal quantity of 110 000 cu. ft. per min. this is as 
follows: 


Total Pressure Loss Energy Loss 


in. of water air horsepower* 
Before alterations........ 0.243 4.21 
After alterations......... 0.140 2.42 
VEdUCtLON eee ease 0.103 Wa 


*By the term “air horse 


‘sa : power’’ is meant the loss of energy in the air stream, in horsepower, a: 
distinct from losses in mecha 


nical or electrical energy at the fan or its driving mechanism. 
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This is a 42-per-cent reduction in the losses around the shaft bottom 
bend. 

The ratio of the total pressure loss to the mean-velocity pressure* 
in the shaft averaged 3.42 before alterations but only 1.86 after alter- 
ations. Similarly, the specific resistance fell from 0.201 to 0.116. 


10. Losses at Split and Regulator —The positions of the regulators 
(Figs. 1 and 2) were such that it was necessary to take the pressure 
measurements in the north split some distance downstream from 
them. This makes it impossible to segregate the losses due to the 
regulator from the splitting losses for the north current. The split- 
ting losses themselves include losses from two or more sources which 
are inseparable. One of these is the loss incurred in cleaving the main 
current into two subsidiary currents. Another is the loss arising from 
deflecting each of the split currents through a 90-deg. angle. For 
present purposes of determining the effects of alterations, a third 
source, the frictional losses in the approaches to and departures from 
the pressure measuring sections will be included, although it would 
be possible to estimate these losses with a fair degree of accuracy and 
make deductions for them. 

Since losses at a split have not been reported before, it seems 
worth while to reproduce one of the tables used in calculating the 
losses and characteristics of the combined split and regulator. Table 1 
shows the loss determinations that were made at the split and regu- 
lator before alterations. These were made under varied conditions of 
flow at total quantities ranging from 74 000 to 162 800 cu. ft. per min. 
The normal quantity ranged from 109 700 cu. ft. per min., when the 
mine was working, to 115 000 cu. ft. per min., in one instance, when 
it was idle. Under these conditions the static pressure drop from 
section A2 in the main current to section B, beyond the regulator in 
the Main North aircourse, averaged 1.35 in. of water, while the static 
pressure drop from section A2 to section Cl in the Main South 
aircourse averaged about 0.27 in. of water. 

To derive total pressure losses, it is necessary first to assume an 
arbitrary pressure datum from which the static pressure at each 
section is expressed. This was done by assuming the static pressure 
at section B to be zero, whence the static pressure at section A2 
ee ie acon Vi the rgoun valewuy af Caton, The aber exrresnon 
refers to the mean of the velocity pressures actually existing at all points in the cross-section. While 
theoretically, the mean velocity-pressure is the desired item, the other is used because of its readier 
derivation. When the mean velocity-pressure is calculated from traverse data it is necessarily larger 


than the corresponding mean-velocity pressure. Ordinarily, the discrepancy is relatively small, but 
instances have been noted in which it was more than one-sixth of the mean-yelocity pressure. See 


#lso Appendix, Note 1, page 44. 
+See Appendix, Note 2, page 45. 
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TaBLeE 1 
Sprit AnD ReauLatTor Losszs, BrrorE ALTERATIONS 


1 2 3 4 5 6 7 
A. General Data 
1) Date, July 193s. cs areas ee Me 3 4 V4 4 5 5 
2. Mine, working or idle working idle idle idle idle idle idle 
3. Approximate fan speed, r.p.m.. . 153 153 153 153 122 105 153 
ASAI COUTSING a5 erecnterclel revert iclerosars normal | normal | normal | 8.shorted| normal | normal | S. shorted 
B. Adjusted Quantities (cu. ft. per min.) 
‘a AM Current 109 700 | 113 000 | 115 000 | 129 000 91 000 74 000 | 162 800 
6. North Split....... 48 700 48 700 46 800 39 000 32 500 40 300 
Te BOULHI ODL ce damien ieee eet 64 300 66 300 82 200 52 000 41 500 | 122 500 
8. Per cent of Quantity in South 
Splitinds teatime susente.tetcters eae 56.1 56.9 57.6 63.7 57.1 56.1 75.3 
C. Pressures (in. of water) 
9. Mean-Velocity Pressure at Sec- 
tion A2 (Main Current)...... 0.152 0.161 0.167 0.210 0.105 0.069 0.335 
10. Mean-Velocity Pressure at Sec- 
tion B (North Split)......... 0.281 0.287 0.287 0.265 0.184 0.128 0.196 
11. Mean-Velocity Pressure at Sec- 
tion C1 (South Split)........ 0.094 0.102 0.109 0.167 0.067 0.043 0.372 
12. Static Pressure Drop A2-B.....| 1.35 1.35 1.37 1.26 0.901 0.610 1.16 
13. Static Pressure Drop A2-Cl....| 0.279 0.264 0.272 0.394 0.164 0.120 0.888 
14. Sectional Total Pressure A2....| 1.502 1.511 1.537 1.47 1.006 0.679 1.495 
15. Sectional Total Pressure B.....| 0.281 0.287 0.287 0.265 0.184 0.128 0.196 
16. Sectional Total Pressure Cl....] 1.165 1.188 1.207 1.033 0.804 0,533 0.644 
17. Total Pressure Loss A2-B...... 1.221 1.224 1.250 1.205 0 822 0.551 1.299 
18. Total Pressure Loss A2-Cl.....| 0.337 0.323 0.330 0.437 0.202 0.146 0.851 
19. Overall Total Pressure Loss....}| 0.726 0.712 0.718 0.717 0.467 0.324 0.962 
D. Energy Loss (ft. lb. per min.) 
20. Energy Loss A2-B............ 306 000 | 310 000 | 316 000 | 293 000 | 166 500 | 93 200 | 272 000 
21. Energy Loss A2-C1........... 108 000 | 108 000 | 113 500 | 187 000 54 600 31 500 | 542 000 
22. Overall Energy Loss.......... 414 000 | 418 000 | 429 500 | 480 000 | 221 100 | 124 700 | 814 000 
E. Split-Bend-Regulator Characteristics 
23. Specific Resistance A2-B...... 5.27 5.17 5.28 5.50 5.40 5.22 8.00 
24. Specific Resistance A2-C1..... 0.892 0.783 0.752 0.647 0.748 0.848 0.567 
25. Overall Specific Resistance.....| 0.602 0.561 0.543 0.4382 0.563 0.592 0.363 
Explanation: 


Line 4; S = south split. 


Es 2 
Lines 9-11 = 0.0000000624 (5) where Q = quantity and A = cross-sectional area of pressure section. 


for line 9, A = 70.3 square feet, Q of line 5 
for line 10, A = 22.7 square feet, Q of line 6 
: for line 11, A = 50.2 square feet, Q of line 7 
Lines 12 and 13 = Average of field measurements, as of standard air density = 0.075 Ib. per cu. ft. 
Lines 14-16 are based on an assumed static pressure datum of 0 at Section B. 
line 14 = line 9 + line 12 
line 15 = line 10 
line 16 = line 11 + line 12 — line 13 


Line 17 = line 14 — line 15; line 18 = line 14 — line 16; line 19 = mea A 
. . . . . . ¥ . ine 
Line 20 = 5.2 X line 6 X line 17; line 21 = 5.2 X line 7 X line 18; line 22 = line 20 + line 21. 
Line 23 = line 17 X 1020. Teco line 18 X 1010 ine 5 = line 19 X 1010 
(line 6)?’ (ine 727 (ine 5)? 


becomes the static pressure drop A2-B1, or line 12 of Table 1. The 
static pressure at section Cl is the difference between that at section 
A2 and the static pressure drop A2-Cl, or line 12—line 13. The total 
pressure at a given section is, of course, the sum of its static pressure 
and its mean-velocity pressure (lines 9-11). These total pressures are 
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Fic. 9. Sprit aNp Reauiator Losses, Berore AND AFTER ALTERATION 


shown in lines 14-16. The total pressure loss into the north split is 
the difference between the total pressures at sections A2 and B and, 
similarly, that into the south split is the difference between total 
pressures at sections A2 and Cl. The normal pre-alteration total 
pressure loss through the regulator was 1.22 in. of water, and that 
around the south split and bend 0.33 in. of water. 

Since only a part of the total mine quantity is subject to either of 
these total pressure losses, the overall total pressure loss must be 
calculated by weighting the partial losses in total pressure by their 
respective quantities. This is most easily done by using the overall 
energy loss of line 22, which is the sum of the partial energy losses 
(lines 20 and 21). The energy losses for normal aircoursing are plotted 
against their corresponding quantities in Fig. 9. Aside from a few 
erratic points, the alinement is good. The north split gives by far the 
highest losses, quantity for quantity, due to the regulator. An inter- 
esting feature of these curves is that both of the split curves lie above 
the overall energy loss curve. This means that to pass a given quan- 
tity of air through either split alone would cause a greater loss than 
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to divide it between the two splits in the proportions (56.8 per cent 
south, line 8) which these curves represent. 

After the alterations had been completed near the shaft bottom, 
and the new regulator installed in the Main North aircourse it was 
found that nearly the same relative distribution of air as formerly 
was got with a regulator opening 4.0 feet high and 3.0 feet wide. 
At this width of opening 57.4 per cent of the air went south instead of 
56.8 per cent, as previously. While there was an excess of 0.6 per cent - 
to the south after alterations, the agreement is close enough to indi- 
cate the effects of the alterations on the losses in the split and regu- 
lator. The north split and overall results have been added to Fig. 9. 
For the north split the points fall along the pre-alteration loss curve, 
but for the south split they were less than 1/10 as great as they 
formerly had been, quantity for quantity, and are not shown in Fig. 9. 
This relatively great saving around the south split-bend resulted in an 
appreciable overall saving as indicated below, for a quantity of 
110 000 cu. ft. per min. 


Total Pressure Loss Energy Loss 


in. of water air horsepower 
Before alterations........ 0.664 11.50 
After alterations..... ae 0.484 8.39 
Reductionsaaecee ee 0.180 Sei LaL 


This is a 27-per-cent reduction in losses, which is considerably less 
than the 42-per-cent reduction effected at the shaft bottom. How- 
ever, the absolute savings are actually larger than they were at the 
shaft bottom, because of the larger losses involved. Coupled with 
the reduction at the shaft bottom they give total savings of 0.283 in. 
of water, and of 4.90 air horsepower in getting the air out of the shaft 
and into the splits. The improvements in the splitting zone are 
reflected in lowered specific resistances. That of the south split-bend 
was reduced from 0.805 to 0.065 while the overall specific resistance 
of the split and regulator fell from 0.57 to 0.40. 


11. Regulator Characteristics —The adjustability of the regulator 
opening gave an opportunity to determine its characteristics as affec- 
ted by the width of opening, fan speed, etc. The relation of total 
pressure loss* to quantity is shown in the lower part of Fig. 10. 
The straight lines represent the behavior of total pressure loss with 
respect to quantity for a given size of opening, as indicated. The area 


*Since no comparison of 


Sonica GF Ala er oe pre- and post-alteration conditions was involved in analyzing the char- 


ter gulator, the estimated split-bend losses from west to north plus the esti 
anietiee eage between the regulator and Section B, in the Main North, were deducted Posen 
ed losses, leaving the net losses of Fig. 10, which are regarded as being due to the regulator only. 
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Fic. 10. Recuiator CHARACTERISTICS, AFTER ALTERATION 


of the opening is expressed as a per cent of the overall area of the 
regulator, 83.1 sq. ft. For each opening the quantity was controlled 
by changing the fan speed, the approximate values of which are indi- 
cated along the curved lines. 

The fact that an appreciable quantity of air flowed with the slide 
door closed (zero opening) shows that the regulator leaked somewhat. 
However, the amount of leakage must decrease rapidly with increased 
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Fic. 11. Losses in Straicgut Entry 


opening, so that its effects are less marked at the larger openings. 
The slopes of the straight lines vary from 1.25 with the door closed to 
2.52 with a 7.22-per-cent opening. At 14.4-per-cent opening, the 
slope exceeded the conventional value of 2.00, by 3 per cent. 

Each curved line in the lower part of the figure shows how the 
total pressure loss varied with quantity at a given fan speed with 
different widths of opening. The curves fall with increasing rapidity 
as the quantity increases; so that to increase the quantity from 
10 000 to 20 000 cu. ft. per min. at a given fan speed reduces the total 
pressure loss about 13 per cent, but to increase it further from 20 000 
to 40 000 cu. ft. per min. reduces the total pressure loss approxi- 
mately an additional 40 per cent. 

This rapid relative decrease in total pressure loss with increasing 
quantity has an interesting effect on the energy loss caused by the 


(AAS 
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regulator. This is shown in the upper part of Fig. 10, where the 
energy loss is plotted against quantity. For a given fan speed the 
energy loss rises to a maximum, then drops rapidly away, as the 
quantity is increased by opening the door. The decline is due to the 
fact that the total pressure loss decreases at a higher rate than that 
at which the quantity increases. The result is that the energy loss, 
which is proportional to the product of the two, decreases. In this 
case the maximum energy loss was incurred at about 7- to 8-per-cent 
opening. At this setting the total pressure loss was 71 per cent of the 
total pressure loss at zero opening. These results agree with those 
previously obtained* at an adjustable regulator in another mine. 
However, since both regulators are known to have leaked, the agree- 
ment may be partly accidental, although it is logically necessary that 
a regulator have a setting of maximum energy loss. This is because 
it develops no energy loss at either of its extreme settings, zero open- 
ing and 100 per cent opening; hence the energy loss must reach a 
maximum at some intermediate setting. At present, the data are too 
meager to generalize as to where this may be expected to fall in a 
given case. 


12. Losses in Straight Entry—The losses in the straight entry 
zones in the Main South aircourse are shown in Fig. 11. The energy 
loss per foot of entry is plotted against quantity in part (a). The 
following comparison is made for a normal quantity of 61 500 cu. ft. 
per min. which prevailed in this split before alterations: 


Total Pressure Loss Energy Loss 


per Foot per Foot, 
in. of water ft. lb. per min. 
Before alterations........ 0.00086 275 
After alterations......... 0.00027 88 
XCCUGULOT Ee perenne ee 0.00059 187 


While these savings seem small, they represent a two-thirds re- 
duction in the losses in a certain length of entry, at a given quantity 
of air-flow. This is the largest relative saving effected in the high- 
velocity zone. However, since the mean cross-sectional area of the 
aircourse was more than 50 per cent larger after alterations than it 
had been before, most of the saving is due to the lessened velocities 
at which a given quantity of air is transmitted. A better criterion of 
the comparative conditions of flow prevailing before and after alter- 
ation is the relation of total pressure loss to mean velocity. This is 


*Unpublished data. 
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shown in part (b) of Fig. 11. While an improvement in flow is shown 
by the fact that the post-alteration line lies under the pre-alteration 
line, the two curves are much closer to each other than are those of 
part (a). That this indicates a lower relative saving in total pressure 
loss per foot of entry at like mean velocities than at like quantities is 
shown in the following comparison, which is made at a mean velocity 
of 800 ft. per min. This was nearly the normal value before alter- 
ations. 
Total Pressure Loss 


per Foot 

in. of water 
Before:alterationssser ie cme ere eee 0.00083 
After alteratlonssje ened eee ee econ 0.00063 
Requetion a+ Meiieesd wee ie ete ear 0.00020 


This represents about a 24-per-cent decrease in total pressure loss, 
per foot of entry, at like mean velocities, as compared with a 68-per- 
cent reduction at like quantities. Thus it is evident that by far the 
major part of the savings which resulted from cleaning the aircourse 
was due to the reduction in speed of transmission rather than to 
improved lines of flow. 

Since large savings were effected by cleaning a portion of the 
South split, which is unregulated, the question arises as to whether or 
not corresponding savings could be effected by cleaning the North 
split, inbye the regulator. As any savings effected by cleaning a 
regulated aircourse must be counteracted by reducing the regulator 
opening to maintain the same rate of flow, nothing is to be gained by 
improving the aircourse. 

One slight exception might be taken to this statement where the 
regulator is placed near the beginning of the current which it controls, 
as is the case in the North split. To clean an aircourse inbye the 
regulator so situated would reduce the pressure difference between it 
and the return entry, and thereby reduce the leakage through the 
stoppings. While this would effect a saving, a better, and probably 
more economical remedy would be to repair the leaky stoppings. 

A point is sometimes overlooked in placing regulators. They 
should be put as far outbye in the split as practicable so that the 
stoppings between the aircourse and the adjacent entry will be under 
a lower pressure difference than if the regulator were farther inbye. 
This keeps the inevitable leakage through the stoppings at a mini- 
mum, provided that the stoppings are well constructed. 

An interesting feature of Fig. 11 is the difference in the slope of the 
pre-alteration and post-alteration lines. Referring to the curves of 
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part (6), the slope of the pre-alteration line is 1.83 while that of the 
post-alteration line is 1.96, a little less than the conventional value 
of 2.00. Since the changes in cross-sectional area and perimeter were 


‘both more frequent and more severe after alterations than before 


ASS 


(compare Figs. 1 and 2) it may be that the increased slope of the loss 
curves is due to the greater prevalence of conversion, that is, expan- 
sion and contraction losses, as distinct from frictional losses. Further 
investigation would be required to determine this point. 

The commonly accepted criterion of flow in straight entries is the 
coefficient of friction k from the Atkinson formula for resistance 
5.2 1a = klo v’, which needs no explanation. At normal quantities & 
averaged 141 X 10~-" before alterations and 134 X 10~ after alter- 
ations. The latter figure largely fails to reflect the 24-per-cent im- 
provement in air flow, previously noted. The reason for this lies in 


a 
the formula, which, transposed to the form k = Pitan shows k to be 
ov 


a 1 
proportional to — as well as to a for a given length of entry. The 
0 v 


a 
ratio of cross-sectional area to perimeter — is known as the ‘“‘hy- 
) 


D 
draulic radius” r. If the ratio = be regarded as the desired criterion 
v 
of quality of flow, it may be expressed in familiar terms by dividing 
fs 
aircourse increased from 2.10 to 2.64 ft. as a result of the alterations, 


The mean hydraulic radius in the Main South 


u 
k by r since eres 
v 


k 
so that the ratio — fell from 67.1 X 10-” to 50.8 X 107”, a decrease 
ie 


of 24 per cent. This agrees with the improvement in airflow previous- 
ly deduced from the total loss curves and shows that the ratio must 
be used as a flow criterion, rather than k alone, where an appreciable 
difference in the size of the passageways is involved. 


13. Fan Characteristics and Power Consumption.—The normal fan 
speed throughout this work was 153 r.p.m., although it varied within 
a per cent or two from time to time, under changing conditions of 
load and power supply. At this speed the fan was normally delivering 
about 110 000 cu. ft. per min. against a recording static water gage of 
3.3 in., as of standard air density. Adding to this the mean-velocity 
pressure of 0.07 in. in the fan drift gives a total water gage of 3.37 in. 
Thus the energy imparted to the airstream by the fan was 58.4 h.p. 
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Fic. 12. Fan CHARACTERISTICS 


Under these conditions, readings of the fan watt-hour meter showed a 
power consumption of 133 h.p. so that the overall efficiency was but 
43.9 per cent. The rated capacity of the fan at 153 r.p.m. is 276 000 
cu. ft. per min., so that it was operating at about 40 per cent of its 
rated capacity. According to the manufacturer’s characteristic curves 
for this fan its mechanical efficiency at this capacity is 50 per cent, 
whereas it reaches 75 per cent at full capacity. These curves are 
shown in Fig. 12 where water gage and mechanical efficiency are 
plotted against the per cent rated capacity of the fan. A water-gage 
curve is shown for each speed at which the fan was operated. Points 
A and A’ represent the pre-alteration efficiency and water gage, 
respectively. Band B’ are the corresponding post-alteration points. 

At the beginning of the work, the specific resistance of the mine 
was 2.8. Since the cleaning program was not completed until after 
the close of the season’s work, it is impossible to say what mine 
resistance was finally attained, but from partial data at hand it is 
thought to be about 1.8. At any rate it was decreased* to such an 


“With the vanes in place in the shaft bottom, their effect being blended with the effect of cleaning 
the aircourses. 
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extent that the normal fan speed could be reduced to 122 r.p.m. 
This brought the recording water gage down to 2.1 in. and is thought 
to have left the quantity about as it formerly was. Under these 
conditions the average daily power consumption of the fan motor 
was 1340 kw-hr., which is at the rate of 74.8 h.p. As its output was 
37.6 air h.p., the overall fan-drive efficiency was about 50 per cent. 
The fan was then operating at about 50 per cent capacity, its rated 
capacity at 122 r.p.m. being 220 000 cu. ft. per min. At this relative 
capacity its mechanical efficiency is 57 per cent (point B, Fig. 12); 
7 per cent higher than the former operating efficiency. 

The fact that the fan has been operating at from only 40 to 50 
per cent capacity shows that it is too large for the mine by a consid- 
erable margin. This means that it is operating on the rising part of 
its efficiency curve (Fig. 12) so that any increase in its relative capac- 
ity, up to 100 per cent, results in an increase in its efficiency. Thus, 
the increase in fan efficiency between points A and B resulted from 
the decrease in mine resistance which permitted the fan to operate 
at a greater relative capacity. If the fan had originally been operat- 
ing at more than its rated (100 per cent) capacity, the decreased mine 
resistance would have resulted in a lower fan efficiency. 

At this mine the alterations resulted in savings from two different 
sources: first, the inevitable savings from the improvement of the 
entries as air conductors; second, an incidental saving from increased 
fan efficiency. 

As to the fan itself, a similar fan of one-half the capacity would be 


12 
amply large. Such a fan would have a diameter of ie = 8.5 ft. 


and a width of 3.54 ft. Its normal rating would be 138 000 cu. ft. per 
min. at 216 r.p.m. against a 3.4-in. water gage. Such a fan would 
deliver the present mine quantity of about 110 000 cu. ft. per min., 
against a 2.2-in. water gage (point C’, Fig. 12). Under these condi- 
tions the fan would be operating at 79.7 per cent capacity and 72.5 
per cent efficiency (point C) as compared with the present efficiency 
of about 50 per cent. The change in fans would reduce the power 
consumption of the fan motor nearly one-third. 

Within certain limits, expansion in the ventilating requirements 
of the mine could be met without reducing the efficiency of the pro- 
posed fan below 72.5 per cent. This might be done in either of two 
ways, or by a combination of both. One is to increase the fan speed 
without changing the mine resistance. This has the effect of raising 
the water gage without affecting the relative capacity of the fan, or 
its efficiency. For example; the fan would deliver 110 000 cu. ft. per 
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min. against a 2.2-in. water gage but if 150 000 cu. ft. of air per min. 
were to be delivered against the present mine resistance, the fan 
150 000 


110 000 
294). Its rated capacity at this speed is 188 000 cu. ft. per min., of 
which the delivered quantity represents 79.7 per cent, as stated. 
Thus the efficiency would remain at 72.5 per cent (point C) but the 
water gage would rise to 4.0 in. (point C”). The power consumption 
of the fan motor would increase from 52.5 to 130.5 h.p., nearly a 
150 per cent increase. 

The other way to provide a greater quantity would be to reduce 
the mine resistance to such an extent that the fan could deliver the 
required quantity without being speeded up. This could be done by 
improving the entries, re-coursing the air, etc., so as to keep the mine 
resistance at a minimum. 

In the case of the proposed fan operating at 216 r.p.m., it would be 
necessary to reduce the water gage against which the fan operates to 
2.1 in. (point D’), to induce a quantity of 150 000 cu. ft. per min. to 
flow through the mine. The fan would then be operating at 108.7 
per cent capacity and at 72.5 per cent efficiency (point D) as before. 

Its power consumption would be 68.5h.p. This is to be contrasted 
with 130.5 h.p. which would be consumed in delivering the same quan- 
tity simply by speeding up the fan. A saving of 72 h.p. is to be had 
from improving the mine air flow. 


would have to be speeded from 216 to 294 r.p.m. (216 X 


14. Ventilation Costs and Economies.—When the work was under- 
taken the average daily power consumption of the fan motor was 
2340 kw-hr., about 12 per cent of the total consumption at the mine 
on a working day. After the alterations had been completed, and the 
fan slowed, its average daily power consumption was reduced to about 
7 per cent of the average working-day power consumption for the 
whole mine. For a month of 18 working and 12 idle days, the pre- 
alteration fan power consumption averaged 16.6 per cent of the total 
power consumption, while the corresponding post-alteration figure is 
10.6 per cent, a reduction of 6 per cent of the total power consump- 
tion, during a normal working month. 

The reduction amounted to 1000 kw-hr. per day. At 1.5 cents 
per kw-hr., this represents a saving of $15 daily, or $5470 annually.* 
Since the total cost of the improvements which permitted this saving 
to be made was about $3700, they paid for themselves in the first 


*An additional saving resulted in the form of reduced demand charges. 
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eight months. A liberal estimate of the cost of maintaining the 
entries in their present condition is 20 per cent of the cost of the sum- 
mer’s work, during which the accumulation of several years’ debris 
was removed from the entries. This amounts to $740 per year, 
leaving a net annual saving of $4730, which is equivalent to a net 
return of 128 per cent annually on the money recently expended. 

During the course of the work, 2500 ft. of aircourse were cleaned 
at a cost of $1.40 per ft. Figure 11 shows that, at a quantity of 
61 500 cu. ft. per min., which is about the normal quantity in the 
south split, the energy loss per foot of entry was 187 ft. lb. per min. 
less after alterations, than before. This is 0.0057 air h.p. which, 
at 50-per-cent fan-drive efficiency, is 0.0114 electrical h.p. At a cost 
of $100 per horsepower-year which is nearly equivalent to 1.5 cents 
per kw-hr., the annual power saving becomes $1.14 per ft. of entry. 
Deducting the estimated maintenance cost of $0.28 per ft. from the 
saving in power cost leaves a net estimated annual saving of $0.86 
per ft. of entry, or 61.5 per cent of the cost of cleaning the aircourses. 
However, in calculating the per foot cost of cleaning the straight 
entries, the total cost of cleaning, $3500, was divided by the length of 
entry cleaned, so that the straight entries bore all the cost, whereas 
much of the savings were effected at the split, bends, regulator, ete. 
This accounts for the fact that the average net annual return for the 
mine as a whole was 128 per cent, while it was only 61.5 per cent in 
the straight entries. They were charged with all costs but were not 
credited with savings at the split, bends, ete. 

These savings will be reviewed briefly in terms of dollars and cents, 
assuming a fan-drive efficiency of 50 per cent. At the split, with 
61 500 cu. ft. per min. going south and 48 500 north, the alterations 
effected a saving of 3.11 air h.p., which is equivalent to 6.22 electrical 
h.p., or $622 annually. At the shaft bottom the saving at 110 000 
cu. ft. per min. was 1.79 air h.p., equivalent to $358 annually. Thus 
cleaning the aircourses immediately tributary to the shaft resulted in 
an annual power saving equivalent to nearly $1000, within 100 ft. 
of air travel. 

However, four-fifths of the total power saving was made in the 
great length of aircourse which was cleaned beyond the shaft bottom 
zone. This entry included a 90-deg. deflection, an overcast, and some 
highly restricted portions with other irregularities, so that savings 
were at a higher rate, per foot, than that measured in the Main South 
aircourse. Reducing all of the savings realized in this 2400-ft. length 
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of aircourse to a unit basis gives an indicated annual power saving 
equivalent to $1.80 per ft. of entry. 


This shows that, to realize the maximum benefits from a program 
of this kind, the high-velocity open split or splits must be improved 
from end to end. 

B. With Vanes in Place 


15. The Vanes.—The design of the vanes which were installed in 
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Fig. 14. VANES Vinwep FroM Main West AIRCOURSE 


the shaft bottom followed, in a general way, that which has been 
developed for the design of blade elbows in industrial ducts.* 
However, these principles of design were not directly applicable 
because of differences in shape and cross-sectional area between the 
shaft and the Main West aircourse, differences of a kind not provided 
for in the design referred to. By using average dimensions, and con- 
sideration for available materials of construction, the following design 
was arrived at: 
Four vanes, each consisting of a 90-deg. arc on a 28-in. radius 
with a 6-in. vertical lip in the shaft and a 10-in. horizontal lip in 


*Wirt, H. L., ‘‘New Data for the Design of Elbows in Duct Systems,” General Electric Review, 
Vol. 30, pp. 286-296, June, 1927, and other data. 
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the entry. These vanes to be spaced along the diagonal from the 

upper central point of the outlet arch to the heel of the shaft 

bottom. Material: 16-gage blue annealed sheet metal. 

One lipless vane to round off the lower back corner. Material: 
24-gage galvanized iron. 

Each vane to reach across the long axis (12.5 ft., north to 
south) of the shaft and to be supported at each end by an angle 
iron bolted to the shaft wall. 214 x 21%%-in. angle irons were used. 
The location of the vanes is shown in Fig. 13. A larger intake area 

was allotted to vane No. 1 than to any of the others in an attempt to 
get a due proportion of the air to flow overit. To have set No. 1 vane 
so as to include but one-fifth of the shaft area might have left it with 
considerably less than one-fifth of the volume, for two reasons: 
(a) the velocities along the walls and near the corners are presumably 
lower than those in the central part of the shaft, and (b) the outlet of 
No. 1 vane is partly obstructed by the sloping arch shoulders (Fig. 14). 
In fact, it was necessary to notch the two lower corners of this vane 
to accommodate these shoulders. 

In installing the vanes the supporting angle irons were cut to 
length, drilled, and bent to shape, and the flat sheets were cut and 
drilled to match the angles on the surface. After the angles had been 
fastened to the shaft walls, by one-inch expansion bolts, the sheets 
were bolted to them, working from top to bottom. The sheets were 
gradually drawn into shape as the work progressed. Irregularities in 
the shaft walls reduced the distance between corresponding angle 
irons below the design distance to such an extent as to cause each 
vane to bend back somewhat along the top edge and down along the 
bottom edge. The effect of the bulges is to discharge part of the air 
which issues above each vane at a downward angle, instead of hori- 
zontally. This probably impairs the effectiveness of the vanes to 
some extent. Figure 14 is a view of the vanes in place, taken from 
the Main West aircourse. 

The total cost of the vanes, installed, is estimated as follows: 


Cleaning shaft bottom, 4 men 

WSDL Eo adios vncnnt slave cman ame et $25 
Installing vanes, 4 men 

1 shift 
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16. Bend Characteristics.—The characteristics of the shaft bottom 
bend as affected by the vanes are reviewed below: 


Ratio of Total Pres- 
sure Loss to Mean- Specific 
Velocity Pressure Resistance 


in Shaft 
After alterations 
Before vanes installed... .. 1.86 0.116 
With vanes in place...... 0.93 0.058 
RECUG UI Ona etspaneterae reece 0.93 0.058 


While this is a 50-per-cent reduction, analogy with industrial appli- 
cations* indicates that considerably more than a 50-per-cent reduction 
in the losses at a bend can be effected by vanes. Whether this can be 
accomplished under the adverse conditions commonly prevailing in 
mines must be determined by further experimentation. 


17. Transmission Losses and Savings.—The relation of energy loss 
around the shaft bottom bend to quantity, with the vanes in place, 
is shown in Fig. 8. The line lies well below that representing the 
losses before the vanes were installed. Comparison is made at a 
quantity of 110 000 cu. ft. per min., as follows: 


Total Pressure Loss Energy Loss 


in. of water air horsepower 
After alterations 
Before vanes installed 0.140 2.42 
With vanes in place... 0.071 1.23 
Reductions. ese 0.069 1.19 


The saving in power consumption is equivalent to $238 annually. 
Deducting 20 per cent of the cost of the vanes as the estimated annual 
cost of maintenance leaves a net saving of about $200 per year, which 
is more than the cost of the vanes. At present the annual saving is 
probably less than this, due to the fact that the formation of ice in 
the shaft in the coldest months necessitates the temporary removal 
of the vanes. This fault is not inherent in the vanes, of course, and 
would not arise in a dry shaft, nor in any shaft serving an exhausting 
fan. 

In considering all of the savings estimated in this report, it should 
be borne in mind that they are based on present normal quantities, 
which are moderate for alarge mine. Were the quantity of air flowing 


*Wirt, op. cit. 
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to be increased, the savings would mount rapidly, as the power con- 
sumption varies about as the cube of the quantity, and the net savings 
would increase in virtually the same proportion. 


V. CHARACTERISTICS OF AIR FLOW 


18. Velocity and Pressure Distributcons.—The isovel* diagrams for 
the four traverse sections reveal some interesting characteristics of the 
air flow in the high-velocity zone. A typical one for section A2, in the 
Main West aircourse before alterations, is shown in Fig. 15. It repre- 
sents a traverse which was run while the mine was working. The 
diagram shows that the lowest velocities prevailed in the central 
upper part of the section, around points 7 and m, while the highest 
velocities were found in the bottom row around points p andt. The 
maximum velocity was more than 3.5 times the minimum. The mean 
velocity curve (1570 ft. per min.) lies at about mid-height in the south 
two-thirds of the section, but rises sharply toward the upper north 
corner. 

The velocity distribution at this section has some similarity with 
those found at other mines in the aircourse near the downcast shaft 
bottom. One of theset has been previously illustrated. Except at 
low fan speed, it shows a prevalence of high velocities near the floor, 


*See Univ. of Ill. Eng. Exp. Sta. Bul. 158, p. 63, 1926. 
+Univ. of Ill. Eng. Exp. Sta. Bul. 184, Fig. 4, p. 10, 1928. 
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Fic. 16. Isostar Dracram, Section A2, Berorn ALTERATION 


and an upper central low-velocity region, asin Fig. 15. The existence 
of high velocities near the floor is to be expected from the tendency of 
the air to impinge on the floor of the sump and to flow into the entry 
from there. The explanation of the low velocities in the upper central 
region is less obvious. 

During the traverse represented by Fig. 15, readings were taken 
to give the static pressure drop between the traverse point and the 
center. The results are shown in Fig. 16, in which lines have been 
drawn through points of equal static pressure. Hence the diagram is 
referred to as an isostat diagram. The center is arbitrarily taken as 
the datum of zero pressure. In the hachured region above and to the 
left of the center, the pressure was less than at the center. Elsewhere, 
save on the zero-pressure line, it was greater. The extreme range in 
intra-sectional static pressures was 0.063 in. of water, which is 41 per 
cent of the mean-velocity pressure in the section. The mean sectional 
static pressure was 0.016 in. of water greater than the static pressure 
at the center of the section. There seems to be little relation between 
the isostat and the isovel diagrams; save that, in a broad way, the 
static pressure was high where the velocity was high, particularly in 
the lower half of the section. Thus the differences in static pressure 
tend to augment, rather than to modify, the differences in velocity 
and in velocity pressure. The result is that the distribution of total 
pressure throughout the section is more irregular than that of either 


the velocity or static pressure. 
Such inequalities in intra-sectional pressures are characteristic of 
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mine airflow. They have been noted under many conditions of flow, 
and at mean velocities of the order of 1000 ft. per min. or greater they 
are usually of such magnitude as to admit of reasonably accurate 
measurement. They probably arise from the fact that the momentum 
of the air tends to carry it in a pre-determined direction through a 
given cross-section. This prevents the air from responding instan- 
taneously to the transverse static pressure differences to which it is 
subject, with the result that such pressure differences are permanently 
maintained within the cross-section. 

Figure 17 shows the velocity distribution in section B, in the Main 
North aircourse before and after alterations. The broad upper cen- 
tral region of high velocity, which existed before alterations, gave way 
to a nearly uniform velocity gradient with the velocity decreasing in 
all directions from point “‘c’”’ in the upper east part of the section. 
Since the entry was not changed within about 35 ft. of section B, 
the difference in velocity distribution is due to differences between the 
two regulators, both as to location and manner of discharge. It will 
be recalled that the new regulator was put about 18 ft. closer to sec- 


tion B than the old one, and discharges centrally rather than at one 
end (see Figs. 1 and 2). 


EFFECT OF AIRCOURSE IMPROVEMENT ON MINE VENTILATION 35 


C,- B€fore Alreranor7s 
7) / a Si GE IAD 


C,-Aritear Alleravior7s 
Normal Airflow , Lookivig Wostteaqra 


Fig. 18. Isoven Dracrams, Sections Cl anp Cll, Brrore 
AND Arrer ALTERATION 


Two different traverse sections were used in the Main South split; 
section Cl before and section Cll after alterations. While section 
C11 was located within a foot or two of where section C1 had been, 
the two sections differed considerably in outlines and in velocity dis- 
tribution. This is shown in Fig. 18. The pre-alteration diagram 
shows a pronounced region of high velocity in the upper west part of 
the section, around points 7 and k. Such a shift of the high-velocity 
focus to the west side of the section might be expected from the fact 
that the course of the air is deflected from west to south just upstream 
from section Cl. However, with the same deflection in effect after 
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alterations, the high-velocity focus has given way to a widespread 
distribution of velocities which are only moderately higher than the 
average, throughout the upper one-half of the section. The air no 
longer crowds to the west, or outer rib of the bend, because of its 
westerly momentum, as it formerly did. This change ‘and the sharp 
reduction in losses around the south split-bend, reflect greatly im- 
proved flow in this zone. 

The new distribution is almost symmetrical about the vertical 
center line. Velocities are less along the lower half of this line than 
elsewhere in the section. This gives the diagram the arched effect, 
which has been encountered previously at several sections, notably 
at section N2.* The persistence of this type of velocity distribution 
over a wide variety of sections and mean velocities establishes it as a 
characteristic phenomenon of airflow which arises under certain con- 
ditions. It may be related to the two helices of flow which have been 
observed in ducts.+ Its exact nature and significance await deter- 
mination. 


19. Center Constants —The ratio of the mean velocity in a section 
to the velocity at its center, called the center constant, was originally 
developed as a means of determining quantity from center velocity 
pressure readings. However, since the ratio changes with quantity 
in many sections, the graphical method of determination illustrated 
by Fig. 7 is preferred. The center constant decreases with the quan- 
tity whenever the slope of the quantity against center-velocity-pres- 
sure curve in such a diagram is less than one-half. It increases with 
the quantity when the slope is greater than one-half. The slope of 
each line in Fig. 7 is given as item 4 of Table 2. It ranges from 0.56 
at section Cl, before alterations, to 0.46 at section Al in the shaft, 
after alterations. It decreased at all of the sections, due to the 
alterations. 

The magnitude of the center constant is dependent on the velocity 
distribution within the section. If the velocity at the center of the 
section is higher than the average velocity, as it normally is, the 
center constant will be less than one, but if the velocity at the center 
is lower than the average, the center constant will be greater than one. 
Its values for the different sections are listed as item 5 of Table 2 
They range from 0.875 to 1.195 at sections Cl and A1, respectively, 
before alterations. The center constant was greater than 1.00 at 
every section after alterations. This is reflected in Fig. 7, in that the 
post-alteration lines lie above the corresponding pre-alteration lines, 


*See Univ. of Ill. eee E Sta. B 
TWirt, op. cit., Fig. 7 xp. Sta. Bul. 170, Fig. 9, p. 61, 1927. 
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TABLE 2 
CENTER CONSTANTS 


Main North South 
Current Split Split 
1. Approximate Normal Quantity (cu. ft. per min.)......... 110 000 48 500 61 500 
2. as . 
a. Before Alteration Al* B 
b. After Alteration. Al B Git 
3. Cross-sectional Area of Traverse Section (sq. ft.) 
aaabefore-alterationwien can sence dese coe 100 22.7 50.2 
bayAtterAlterationsenaten eciinsma tee ore eeencrie: 100 22.7 76.0 
4. Slope of Quantity vs. Center Velocity Pressure linet 
aeubetorerAlteration-s masa aie lencctees se eae 0.47 0.54 0.56 
pieattersAlterationsaenasn cn ener oemeline cose 0.46 0.48 0.47 
5. Center Constant (3) 
Cc 
amBetorerAltera tlomagmreaecietsitanie cette eeiereiontae 1.195 0.91 0.875 
b. After Alteration, before vanes..............-..0- 1.07 1.02 1.01 
Camvianesuin PIACC recy pregrntine ohne Aauici meee scan nue 1.12 Pee 1.065 


_ “All center velocity pressure readings referred to in this column were taken at Section Al, in shaft. However, 
this current was traversed at Section A2 before alterations only. 
{Plotting logarithm of quantity against logarithm of center velocity pressure, Fig. 7. 


with the exception of section Al, in the shaft. Here the center con- 
stant fell from 1.195 before alterations to 1.07 after alterations, then 
rose to 1.12 when the vanes were installed. 

Since no traversing could be done at section Al, the center con- 
stant gives the only clue to its velocity distribution. The fact that 
it was greater than one, shows that lower than average velocities were 
occurring at the center; whereas a higher center velocity would be 
expected from the regular character of the shaft. This abnormal 
velocity distribution may be due to influences either from above, 
where the air enters the shaft, or from below, where it leaves. That 
the physical characteristics of the shaft bottom did influence the 
velocity distribution at section Al is shown by the change in center 
constant which resulted from each change at the shaft bottom. 


20. Lines of Flow—The approximate lines of flow of the air were 
visualized by holding a 6-in. piece of light cotton cord, which had been 
tied to a small brass tube about three feet long, at different points in 
the air stream. The observer’s body was kept as well downstream 
from, and to one side of, the string as practicable. The indications of 
this device are thought to be reasonably reliable, except at low veloc- 
ities. While its chief utility is in indicating the direction of flow, its 
behavior gives some clue to comparative air speeds as well. 

The lines of flow were traced around the shaft bottom bend, before 
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and after alterations, with the general results indicated in Fig. 19. 
The pre-alteration flow was characterized by a downward motion 
throughout the shaft cross-section, above the brow of the outlet. 
Below this the air rapidly acquired a horizontal component. A small 
eddy at moderate velocities occupied the “heel” of the shaft bottom 
as indicated in Fig. 19. Parts (a) and (b) of this figure show a char- 
acteristic difference between the manner in which the air escaped 
from the central part of the shaft bottom and from near the ribs. 
In the former case, a rather large zone of stagnation or mild eddying 
existed for some distance just west of and above the brow, while near 
the ribs the air had such an upward component on leaving the shaft 
as almost to fill the aircourse. This left a much smaller zone of eddy- 
ing and stagnation than in the upper central part of the entry. The 
greater velocities persisted in the roof corners for some distance from 
the shaft, and were apparent in section A2. This is shown by the 
isovel diagram (Fig. 15). 

The central post-alteration flow is indicated in part (c) of Fig. 19. 
While it is essentially like the pre-alteration flow, see part (a), it had 
much larger zones of stagnation, both in the upper central part of the 
entry and in the shaft bottom. The small heel eddy shown in part (a) 
has become a large zone of stagnation and indefinite eddying which 
occupies the sump and reaches well up into the shaft along the back 
shaft wall. Enlarging the outlet led to much lower velocities, of 
course, and this apparently encouraged the development of stagnant 
zones in spaces in which the air had previously been forced to move 
progressively. 

It has been suggested* that the resistance around the shaft bottom 
bend could have been reduced by installing a shield in the upper part 
of the entry, to conform with the envelope of the stagnant zone as 
indicated in Fig. 19c. This would have made a venturi elbow like 
those used in industrial ducts where structural features do not permit 
rounding the inner corner. In spite of their restricted cross-section, 
such elbows are more efficient than plain elbows. However, rounding 
of the inner corner is to be preferred to either the square or the 
venturi elbow. 

Part (d) of Fig. 19 shows the flow of air near the ribs, after alter- 
ations. In addition to the prevalence of slowly rising currents in the 
back shaft corners, it differs from the central flow much as did the 
pre-alteration rib flow. The chief difference is that the air escapes 
from the shaft with a pronounced upward component which leads to a 


*Prof. A. P. Kratz, Department of Mechanical Engineering, University of Illinois, personal 
communication. 
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considerable reduction in the size of the stagnant zone at the roof near 
the shaft. This is a little surprising, since the escape of air near the 
ribs is not only retarded by the frictional resistance of the surfaces, 
but is obstructed by the sloping shoulder of the arch (Figs. 2 and 4). 
However, it is probable that the slower velocities with which the rib 
currents enter the shaft bottom permit them to change direction more 
quickly and thus to seek the low-pressure regions in the entry more 
directly than can the central currents, which have greater downward 
momenta to be overcome. 

The development of such large zones of stagnation and eddying 
after alterations suggests that the savings effected around the shaft 
bottom bend may have been due entirely to reduction in air velocities 
in the entry, rather than to improved lines of flow. 

With the vanes in place, the flow of air throughout the shaft 
bottom was greatly improved. Each vane delivered air into the entry 
at high velocities along its upper surface and, with minor exceptions, 
the interspaces were well utilized by progressive flow. Slight stag- 
nation and re-entry were noted just under vanes 1 and 2 (Figs. 13 and 
14). It is probable that the intake areas for vanes 2 and 3, which 
underlie these spaces, are too small to provide good velocities through- 
out the interspaces. 

That velocities are much higher than formerly in the upper part of 
the entry is shown by the fact that some of the water which dripped 
down along the west shaft wall was carried into the North-South 
entry, whereas, before the vanes were installed, the drippings all 
fell within a few feet of the shaft. 

The splitting of the air at the entry intersection seemed to proceed 
smoothly, along normal lines. The presence of the regulator adjacent 
to the intersection before alterations influenced the flow somewhat. 
It produced a large zone of stagnation in the northwest corner of the 
intersection, near the floor, but near the roof drew a rapid northward 
current from well to the south of the center line of the Main West 
aircourse. This current passed at high velocity over the top of the 
regulator into the Main North aircourse. As most of the north cur- 
rent passed the east end of the regulator (Figs. 1 and 5) it set up a 
large eddy near the floor just inbye the regulator. This eddy rotated 
at moderate speed in a counter-clockwise direction, as viewed from 
above. Its north limb was about 15 ft. beyond the regulator. The 
new regulator with a central discharge did not set up any persistent 


eddies, although there were zones of stagnation near the ribs, at the 
regulator. 
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The rush of air out of the Main West aircourse against the west 
rib in the intersection caused some of the air to flow up along this rib 
to the roof, then southeast into the south split. Just below this roof 
current most of the south-split current was flowing southwest. The 
opposing tendencies of these upper and lower currents could be traced 
for several feet into the Main South aircourse. 


VI. SumMARY AND CONCLUSIONS 


21. Summary.—The effects on the flow of air and the losses in- 
volved in its transmission, of cleaning, enlarging, and otherwise im- 
proving the aircourses in the high-velocity zone of a large Illinois coal 
mine are shown in this report. 

The mine at which the work was done is ventilated by an electri- 
cally-driven centrifugal fan, which is operated blowing. After making 
a square turn at the bottom of the downcast shaft compartment, the 
air flows west a few feet, then is divided by a T split into north and 
south currents. The north branch of the split is artificially regulated. 
A new regulator with central discharge and adjustable opening was 
built, and its characteristics were determined. 

In general, the physical result of the alterations was to improve 
the floor and roof profiles, and to increase the cross-sectional area of 
the aircourses by from 40 to more than 100 per cent, depending on 
local conditions. 

In addition to enlarging the aircourses tributary to the shaft, the 
shaft outlet was enlarged by cleaning the sump and blasting away 
some of the lower part of the west shaft wall. Finally, a set of de- 
flecting vanes was installed in the shaft bottom to aid in changing the 
flow of the air from downward to horizontal. 

The technique of former investigations was used throughout. The 
total quantity determined by traversing the two split currents 
checked the main current quantity within one per cent, under like 
conditions of flow. Where simultaneous center velocity pressure 
readings only were used for determining quantities, the agreement 
was usually within 2 to 3 per cent. The specific resistance and trans- 
mission losses of the split and regulator, shaft bottom bend, and mine 
as a whole, as affected by the alterations, are reviewed in Table 3, 
which also indicates the resulting savings, for normal quantities. 
Cleaning the aircourse adjacent to the shaft reduced the specific 
resistance of the shaft bottom bend 42 per cent and of the split and 
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TABLE 3 


SuMMARY OF RESISTANCES AND LOSSES 
Assuming a total quantity of 110 000 cu. ft. per min. with 56.5 per cent going south 


Split-Bend- Shaft-Bottom Entire* 
Regulator Bend Mine 
A. Specific Resistance 
1. Before Alterations. 6.0.5 oicastasaet sac ce emelnan 0.55 0.201 2.8 
R- After Alterations. ccicnccursine nenenerhameenans 0.40 0.116 1.8 
8. Percent Reduction. ..a sere certsteor cranes ain 27.2 42.4 35.7 
B. Total Pressure Loss (in. of water) 
4: “Before: Alterations cs a auc eiowenetitrnesls aerate 0.664 0.243 3.37 
B, Aften Alterations...) cess. ins ccs ta concur view aes 0.484 0.140 2.17 
Oc Reductions). Ceo ae auiace es epee hae aoe 0.180 0.103 1.20 
C. Energy Loss (air h.p.) 
7a; Betore Alterations’, opis ccieea aac tetnevenen eden eratieee « 11.50 4.21 58.4 
Si cAtter: Alterations: Virs.sckuac enverdatmeite « wane aay enerents 8.39 2.42 37.6 
9, Indicated Annual Saving tiie sis.ccouen ev cone eat $622 $358 $4160t 
D. With Vanes in Place ‘ 
10. Total Pressure Loss (in. of water)................ 0.071 
To peciio, Reswstances.0z.icv a restionns taniniee ng Sener eee 0.058 
12. Per cent reduction due to vanes................-. 50.0 
13: Energy loss) (air D:p;) scant ene et mete 1.23 
14. Indicated Annual Savings{...............20.e00 $238 


*Includes effect of cleaning about 2400 feet of aircourse in addition to the improvements represented in Columns 
2 and 3. 

{With power costing $100 per horsepower year and 50 per cent overall fan-drive efficiency. No deduction has 
been made for maintenance costs. ' a , i 
; ira saving is due to underground improvements only. It does not include additional savings from increased 
an efficiency. 


regulator more than 25 per cent. The estimated annual saving in 
this combined zone is nearly $1000. 

The installation of vanes in the shaft bottom bend so improved 
the flow of air as to decrease the total pressure loss 0.07 in. of water. 
This results in an indicated annual saving of more than $200, which is 
greater than the cost of the vanes in place. 

The entire program of improvements, which included cleaning 
about 2400 feet of aircourse in addition to the work done near the 
shaft, lowered the mine water gage from 3.3 to 2.1 in., with about the 
same quantity of air flowing as formerly. This permitted a 20 per 
cent reduction in fan speed, and resulted in annual savings of over 
$4000, from lowered velocities and improved airflow alone. Addi- 
tional savings are realized due to an increase in the overall fan-drive 
efficiency of from about 43 per cent to 50 per cent. 

Such low efficiencies result from the fact that the fan is too large 
for the mine. A similar fan of one-half the capacity of the present one 
would be large enough. As judged from the manufacturer’s char- 
acteristic curves, it would operate at more than 70 per cent efficiency, 
and would reduce the power consumption nearly one-third. 
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The characteristics of an adjustable regulator were determined. 
It produced the maximum energy loss when the area of its opening 
was about 8 per cent of the total area of the regulator. 

In a length of nominally straight aircourse, whose mean cross- 
sectional area had been increased more than 50 per cent in cleaning, 
the transmission losses were reduced about two-thirds, quantity for 
quantity. However, most of this saving is due to reduced air veloc- 
ities, for at like mean velocities the reduction was only about 24 per 
cent. The latter saving results from improved lines of flow. It is 


k 
reflected in a decrease in the ratio — from 67.1 * 10~° before alter- 


ations to 50.8 * 10-° after yee eee 


In spite of the improved flow at normal velocities which resulted 
from the alterations, the slope of the post-alteration loss curves, when 
losses are plotted logarithmically against quantity or mean velocity, 
is 0.13 greater than the slope of the corresponding pre-alteration 
curves. The difference in slope may be due to increased conversion 
losses, resulting from the more numerous and severe changes in cross- 
sectional area, which prevailed after alterations. 

A study of the velocity and intra-sectional static pressure distribu- 
tions in section A2 in the Main West aircourse before alterations 
showed that considerable differences in static pressure existed within 
the section, and that, in a general way, the static pressure was higher 
where the velocities were higher. This leads to an uneven distribu- 
tion of total pressure across the section. Such anomalies are thought 
to be due to the momentum of the air which prevents it from respond- 
ing instantly to transverse pressure potentials. 

The highest velocities in the Main West aircourse were near the 
floor. This is characteristic of currents leaving a downcast shaft. 
Similarly in the Main South aircourse the high velocity focus at 
section Cl was near the west rib. However, with the improved flow 
existing in the entry intersection after alterations, the velocity dis- 
tribution at section C11 was nearly symmetrical, without concentra- 
tion of high velocities. 

The lines of flow were visualized by means of a string indicator. 
This showed that a small eddy existed in the heel of the shaft bottom, 
and at the roof of the entry adjacent to the shaft before alterations. 
Both of these zones were much enlarged after alterations, being 
marked by stagnation, or eddying at low velocities. An interesting 
feature of the shaft bottom flow, both before and after alterations, 
was the pronounced upward component of the air which escaped from 
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the shaft near the ribs. The effect of this was to reduce the size of the 
stagnant zone at the roof corners, and to yield higher velocities near 
the roof corners than in the upper central part of the section for 
several feet from the shaft. 

The vanes resulted in a marked improvement in flow by eliminat- 
ing nearly all eddying and stagnation, and by causing the air to move 
with higher velocities in the upper parts of the entry. 


22. Conclusions—The results of this investigation indicate that 
where the mean cross-sectional area of aircourses in the high velocity 
zone of a mine can be increased considerably, say 50 per cent or more, 
and maintained at moderate expense without the excessive use of 
obstructing timbers, substantial savings in ventilation costs can be 
effected by doing so. The major part of the savings come from re- 
duced velocities of flow which ensue when like quantities of air are 
handled, although a substantial share of them result from improved 
lines of flow. 

Where the size of the entries and the quantities of air being han- 
dled are comparable with those represented in this report, a net 
annual saving approximating the cost of the alterations should result. 
The savings would increase about as the cube of the quantity in the 
event of any increase in quantity. By ‘net annual savings” is meant 
the cash equivalent of the indicated power saving, minus the cost of 
maintaining the aircourse in proper condition. As a rule, larger 
savings can be realized at such features as bends, splits, etc., than in 
straight entries, although even here large savings can be attained. 
In fact, the major part of the economies effected in this case occur in 
the great length of high-velocity aircourse which was cleaned and 
enlarged. 

The installation of a suitable set of vanes in a shaft bottom of the 
type described here should result in net annual savings in excess of 
the cost of installation. 


APPENDIX 


Some aspects of the interpretation of the data which are not 
matters of general interest, but which may be useful to other investi- 
gators, are given in the following notes: 

Note (1).* The mean-velocity pressure in the shaft, rather than 
that in the entry, was chosen as a basis for comparison because the 
shaft dimensions remained unchanged. Had the pressure of the mean 


*See p. 15. 
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velocity in the entry been used, the comparison would have been as 
follows, a quantity of 110 000 cu. ft. per min. being assumed for 
purposes of derivation: 


Before After 
Alteration Alteration 

(1) Total pressure loss (in. of water). . 0.2438 0.140 
(2) Approximate mean cross-sectional 

area of the Main West Aircourse 

Ceqnit weereig ho Moro at e 71.4 128.5 
(8) Mean-velocity pressure in Main 

West Aircourse (in. of water)... 0.148 0.0457 
(4) Ratio of total pressure loss to 

mean-velocity pressure........ 1.64 3.06 


The increase, rather than decrease, in the ratio of line (4) is due, 
of course, to the sharp reduction in the mean-velocity pressure in 
the Main West aircourse, which resulted from its great increase in 
mean cross-sectional area. Thus, instead of reflecting the improve- 
ment which actually took place, the ratio indicates an impairment. 
This illustrates the defect in criteria which are based on mean veloc- 
ities or velocity pressures, rather than on quantity, in so far as their 
application to mine air flow is concerned, because in.a mine the mean 
cross-sectional area on the upstream side of a resistance such as a 
bend, split, or overcast, is seldom equal to that on the downstream 
side. Furthermore, where changes are made, as in the present case, 
either one or both of the mean cross-sectional areas may be modified, 
thereby changing the basis of comparison, as in the foregoing 
illustration. 

The alternative to the use of criteria based on mean velocities or 
velocity pressure is to adopt one which is based on quantity. The 
specific resistance is suggested for that purpose. 

Note (2). The “‘specific resistance” of a zone is defined as the 
ratio of its total pressure loss to the total pressure loss in a zone of 
unit resistance, with the same quantity of air flowing, per unit of 
time. A zone of flow is said to develop unit resistance when it causes 
a total pressure loss of one inch of water for a quantity of 100 000 

Y 10 
cu. ft. per min. Thus, the specific resistance = — where 7 = 
total pressure loss (in. of water) and Q = quantity of air flowing 
(cu. ft. per min). This is an arbitrary adaptation of the Atkinson 
which is used in England.* As the Atkinson is based on quantity in 
cubic feet per second it is unsuited to calculations involving quantities 


in cubic feet per minute. 


*Transactions Institution of Mining Engineers, vol. 49, part 3, July 1925. 
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Since the specific resistance involves only the two terms most 
commonly used in mine ventilation, that is, quantity in cubic feet 
per minute and pressure in inches of water, it is easily derived and 
affords a convenient basis for comparing different resistance zones 
within a mine, or for comparing the ventilation characteristics of 
different mines. 

Varying directly as the total pressure loss and inversely as the 
square of the quantity, it is intended to represent a fixed attribute of - 
a given resistance zone, but this will be true only when the total 
pressure loss incurred by the flow of air through that zone varies as 
the square of the quantity. Where it varies as some power of the 
quantity other than 2, the specific resistance will increase or decrease 
with increasing quantity according to whether the power is greater 
than or less than 2. However, the deviations from the quantity- 
squared law are ordinarily not so great as to interfere with the use of 
the specific resistance as a good approximation over reasonable 
ranges in quantity. 
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